ABSTRACT: Nanodisc films are a promising approach to study the equilibrium conformation of membrane bound proteins in native-like environment. Here we compare nanodisc formation for NADPH-dependent cytochrome P450 oxidoreductase (POR) using two different scaffold proteins, MSP1D1 and MSP1E3D1. Despite the increased stability of POR loaded MSP1E3D1 based nanodiscs in comparison to MSP1D1 based nanodiscs, neutron reflection at the silicon−solution interface showed that POR loaded MSP1E3D1 based nanodisc films had poor surface coverage. This was the case, even when incubation was carried out under conditions that typically gave high coverage for empty nanodiscs. The low surface coverage affects the embedded POR coverage in the nanodisc film and limits the structural information that can be extracted from membrane bound proteins within them. Thus, nanodisc reconstitution on the smaller scaffold proteins is necessary for structural studies of membrane bound proteins in nanodisc films.
■ INTRODUCTION
The function and structure of membrane proteins remain one of the most challenging and exciting areas of molecular biology. The eukaryotic cytochrome P450 (CYP) enzyme superfamily is an interesting class of membrane proteins. In addition to their key functions in primary metabolism, they are catalyzing the synthesis of numerous classes of bioactive compounds in plants and in the metabolism of xenobiotics including drugs in humans. Microsomal CYPs require electron donation from an NADPH-dependent cytochrome P450 oxidoreductase (POR) to complete their catalytic cycle. 1 Detergent solubilization and isolation of POR has been shown to alter its functional properties including a decrease in flavin stability. 2 In vitro built lipid membranes can be used to mimic the cellular membrane and several lipid membrane based approaches exist including the apolipoprotein based nanodisc 3, 4 and the polymer based nanodisc, 5, 6 among others. 7 In situ studies of membrane proteins incorporated into nanodiscs have previously been performed by small angle scattering 8 and neutron reflection. 9 Still, challenges remain in terms of the loaded protein nanodisc yield, number of membrane proteins loaded per nanodisc, and functionality of the reconstituted membrane protein. 2 Some factors to consider are the lipid properties in terms of fluidity, bilayer thickness, and charge, as well as the choice of nanodisc diameter. 10 The use of small MSP1D1 nanodiscs resulted in a low yield of POR loading 9 which motivated the reconstitution into larger scaffold proteins. In the current study, we have investigated the importance of a number of different parameters to better understand the behavior of the nanodisc system. POR was reconstituted in nanodiscs using the scaffold protein MSP1E3D1, which forms nanodiscs of 13 nm in diameter compared to 10 nm from MSP1D1 derived nanodiscs.
11 Empty MSP1E3D1 based nanodisc films were produced and characterized using either pure 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) or 3:1 molar ratio mixtures of DMPC and 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) at 14°C. The reversibility of melting the lipid bilayer was investigated because the lipid state might be important for POR function. Finally, we produced and characterized the POR loaded nanodiscs. The challenges involved in studying conformational changes in these films are discussed.
■ EXPERIMENTAL SECTION
Materials and Methods. The scaffold proteins used were MSP1D1 and MSP1E3D1, expressed and purified according to Bayburt et al. 12 DMPC and DMPG were purchased from Avanti Polar Lipids Inc. and used as received. Tris and NaCl (Sigma-Aldrich) were dissolved in Milli-Q water or D 2 O provided by the Institute Laue Langevin (ILL, France) or Rutherford Appleton Laboratory (ISIS, U.K.) and adjusted to pH 7.4 using HCl. POR was expressed and purified following previously published protocols.
9 Nanodiscs were prepared as described elsewhere, 9 using lipid to MSP ratios depending on the scaffold protein: 80:1 and 120:1 for MSP1D1 and MSP1E3D1, respectively. We used DMPC as well as DMPC:DMPG at a molar ratio of 3:1 in the preparation of both empty and POR loaded nanodiscs. To optimize the reconstitution efficiency, POR loaded MSP1D1 nanodiscs were assembled with a 10-fold molar excess of nanodiscs to POR compared to a 3-fold molar excess of MSP1E3D1 nanodiscs. Detergent was removed by overnight adsorption to Biobeads SM-2 (Biorad) followed by fractionation by gel filtration (flow rate: 0.5 mL/min) on a preparative HPLC (Shimadzu) equipped with a Superdex 200 HR 10/30 column (Amersham Pharmacia Biotech, diameter: 10 mm, height: 300 mm). The elution of total protein and POR was monitored by absorbance recordings at 280 and 450 nm, respectively. Two or three 0.5 mL fractions were collected at the beginning of the elution of the relevant nanodisc peak (retention times 20−22 min), and combined to use for further studies. The fractions were chosen to avoid contamination of the POR loaded nanodiscs with empty nanodiscs. Nanodisc samples were kept at −80°C until used. This is a routine procedure in our laboratory that preserves the functional and structural integrity of the nanodiscs as demonstrated in the Supporting Information. The Si/SiO 2 substrates were pretreated by soaking in Piranha solution (50%H 2 O:40% H 2 SO 4 :10%H 2 O 2 at 80°C for 10 min) to obtain hydrophilic properties. Nanodisc solutions in H 2 O based buffer (20 mM Tris, 100 mM NaCl, pH 7.4) were injected in to the liquid flow cell at a concentration of 45 or 200 nM (as calculated from the total protein content) at 14°C. The solution was left in the cell to equilibrate for either 3−4 h or 6−7 h, prior to extensive rinsing with buffer at 0.5 mL/min.
Neutron Reflectivity (NR). Neutrons are scattered by the nucleus of an atom. The ability to scatter neutrons depends on both the isotope and atomic number of an element, and is quantified by the scattering length density (SLD) calculated by the sum of b i , the coherent scattering length of each nuclei i divided by a given volume. In NR, the intensity of specular (mirror-like) reflected neutrons (R) is measured as a function of the scattering vector perpendicular to the interface (Q = 4πsin(θ)/λ, where θ is the angle of reflection and λ is the neutron wavelength). R relates to the SLD of a material via an inverse Fourier transformation. 13 Specular NR provides the averaged composition and structure of the interfacial material along an axis perpendicular to the surface. The advantage of using neutrons in biological systems comes from the different scattering lengths of the isotopes hydrogen and deuterium, 14 which allows for contrast variation by deuterium substitution for hydrogen. NR profiles were analyzed by fitting a simulated reflectivity curve of a model structure to the experimental data using the software RasCAL. 15 This software uses the Abeles optical matrix method 16 to calculate the reflectivity of thin layers and enables simultaneous fitting of data sets with different isotopic compositions. Fit parameters are adjusted via a least-squares minimization that reduces the differences between the model reflectivity and the data. Model to experimental data fitting errors were obtained using RasCAL's "bootstrap" error analysis function, 17 in which the original data set is resampled and these new data sets fitted via the same methods described earlier. The parameter value distributions obtained across these fits were used to estimate errors that were propagated through the calculations of the derived parameters according to standard error treatment methods. The NR was performed at three beamlines: D17 18 (ILL), SURF (ISIS), 19 and INTER (ISIS).
The clean Si/SiO 2 substrate was precharacterized in order to fit the thickness, roughness, and solvent content of the SiO 2 layer. The DMPC or DMPC/DMPG nanodiscs were modeled assuming that each nanodisc contained 320 phospholipids (the reported value of 160 lipids/scaffold protein 11 was used in this calculation) and using constant volumes of the lipids 20 and MSP. 11 The lipids and the two MSP proteins were modeled as cylinders and as a uniform belt with equal thickness to that of the lipid bilayer tails. The nanodisc model includes the solvent filling the space above the protein scaffold that is not occupied by lipids, respectively. This analysis gave a SLD of 5.41 × 10 −7 Å −2 and 1.04 × 10 −6 Å −2 for nanodiscs in H 2 O and D 2 O, respectively. The empty nanodisc film was modeled as a single layer where the thickness, coverage, and roughness were fitted separately. The POR loaded nanodisc film was modeled as two independent layers where the thickness, coverage, and roughness of each layer were fitted separately: one of the layers corresponds to the nanodiscs (scaffold protein and lipids) and the other layer corresponds to the membrane associated protein (POR). As is common for supported lipid bilayers, 21, 22 a thin solvent layer between the nanodisc and the solid substrate was required to properly fit the data. 20 The thickness of the solvent layer is of the same order of magnitude as the substrate roughness and represents the water trapped within the roughness of the surface, too small to incorporate lipid head groups. All data sets were fitted simultaneously with an independent set of layers attributed to each sample.
■ RESULTS AND DISCUSSION
The self-assembly of POR loaded nanodiscs using DMPC and either of the membrane scaffold proteins MSP1D1 or MSP1E3D1 was monitored by HPLC analysis (Figure 1 ). At 280 nm, both the presence of the scaffold protein as well as the POR is detected, while the absorption of the POR associated flavin coenzymes at 450 nm allows for specific monitoring of the presence of POR in the nanodisc containing sample preparation. The preparation of empty nanodiscs is welldefined as monitored by minimal smearing and high monodispersity. The POR loaded nanodiscs are more challenging to prepare and typically show a widened elution peak. Constructs eluting earlier than 30 min were attributed to a mixture of empty and POR loaded nanodiscs. For the MSPE3D1 and MSP1D1 based nanodiscs, the POR loaded discs eluted at 20.5 and 21.5 min, while empty nanodiscs eluted at 25 and 27 min, respectively. Peaks appearing after 35 min were considered unbound material, representing single copies or fractions of MPs, MSPs in combination with unknown numbers of lipids and free flavins. The elution profiles obtained for the empty nanodiscs were in agreement with previously reported data. 23 Reconstitution of POR in MSP1E3D1 nanodiscs resulted in a mixture of loaded and empty discs and the elution profile of these two species partly overlapped. Deconvolution of the absorption profile of these peaks showed that there was no significant contribution from empty nanodisc peak in the collected fractions for POR loaded nanodiscs (data not shown), although it is not possible to completely disregard the presence of empty nanodiscs in the preparation used for NR experiments. Finally, previous work by our group showed that POR oligomers coelute with POR loaded nanodiscs when reconstituted using MSP1D1 while this does not occur for MSP1E3D1. 2 Thus, POR reconstitution into nanodiscs was facilitated by use of the MSP1E3D1 scaffold protein, which might be due to the greater lipid bilayer area (8900 Å 2 compared to 4400 Å 2 for MSP1E3D1 and MSP1D1, respectively 11 ) that minimizes POR−MSP interactions and possibly stabilizes the POR loaded nanodiscs, and minimizes the formation of oligomers in the detergent free matrix. 2 Experiments were carried out to study the formation of MSP1E3D1 based nanodiscs with the aim of optimizing the surface coverage and structurally characterize these discs. Different batch preparations of nanodiscs were used to characterize films of empty DMPC nanodiscs formed at a concentration of either 45 or 200 nM at 14°C (Figure 2 ). Due to uncertainties with respect to the exact dimensions of the discs, 11 SLD values of each sample were fitted for the nanodisc layers in each contrast as common parameters among the different samples and gave (5.6 ± 0.6) × 10 −7 Å −2 and (1.00 ± 0.07) × 10 This is in excellent agreement with the calculated values based on our model (see Experimental Section). MSP1E3D1 based nanodiscs prepared using a mixture of DMPC/DMPG (1:3 molar ratio) were used to form films at 200 nM after a 6 h incubation at 14°C (Figure 3) . The data obtained were fitted using the SLD values calculated for DMPC nanodiscs, because the SLD of PC and PG head groups does not differ significantly. 20 The nanodisc layer thickness was 40 ± 1 Å and presented a relatively high interfacial roughness of 7 ± 1 Å. Thus, the overall nanodisc film structure does not seem to be affected by the presence of DMPG lipids, although the surface coverage was significantly lower in this case (38 ± 1%). This is probably due to electrostatic repulsions between the negatively charged SiO 2 surface and the nanodiscs.
The NR data analysis suggests that the gel-phase nanodisc layer was 38 ± 3 Å thick, in agreement with the thickness found for MSP1D1 based nanodiscs under similar conditions, 9 and the gel-phase DMPC bilayer thickness. 24 Thus, the scaffold protein does not affect the conformation and packing of DMPC molecules in the bilayer patch. However, the interfacial roughness was significantly higher for the MSP1E3D1 compared to the MSP1D1 based nanodisc films prepared using similar substrates and experimental conditions. This suggests that the larger MSP1E3D1 nanodiscs are either more flexible or less organized at the interface, or they present a less well-defined bilayer patch in the nanodisc. With respect to nanodisc surface coverage, similar results were found for adsorption at 45 and 200 nM. A clear correlation between coverage and incubation time was observed giving the high ∼80% coverage only following the extended 6−7 h incubation period. Thus, the nanodisc layer either slowly rearranges over time so that more nanodiscs can diffuse and adsorb to the surface, or with time the nanodisc layer becomes more stable against rinsing with buffer.
Upon heating the nanodisc film to 38°C, well above the melting temperature of DMPC, the nanodisc layer thinned to 35 ± 1 Å and expanded by 7 ± 1 v/v% with no change in the film roughness (6 ± 1 Å). This is as expected following the melting of the lipid bilayer in the nanodisc. 20 No significant changes in the roughness of the nanodisc layer were observed which is in contrast to the results obtained with MSP1D1 based nanodiscs. 20 This suggests that the organization of the MSP1E3D1 based nanodisc films is independent of the lipid phase. We expected higher roughness given the requirement for hydrophobic matching between the scaffold protein and the lipid patch and the varied thickness of free supported DMPC bilayers in the gel (42−43 Å) 25 and liquid crystalline (34−36 Å) 25, 26 phases. Most likely, the larger flexibility of the MSP1E3D1 based nanodiscs masks subtle changes in the bilayer patch organization within these films. Finally, the overall thickness (41 ± 2 Å), roughness (7 ± 2 Å), and surface coverage (36 ± 2%) seemed reversible upon recooling to 14°C
. The reflectivity profile, though, did not fully reproduce the NR profile prior to heating, thus indicating that nanodiscs partly disassemble into their components within the film upon heating.
Our data suggests that high nanodisc surface coverage can be obtained for MSP1E3D1 based nanodiscs upon adsorption above 45 nM and 6−7 h incubation time at 14°C. We produced three POR loaded MSP1E3D1 DMPC nanodisc films under these conditions and characterized them by NR ( Figure  4) . The overall structure of the POR nanodisc film is similar to that obtained for MSP1D1-based nanodiscs, for which the lipid bilayer patch is situated flat on the silicon surface with the disc inserted POR specifically protruding into the solution. 9 The structure of the nanodisc layer was not significantly affected by the presence of POR. This is not surprising given that the transmembrane helix of the POR is predicted to replace only 5 lipid molecules with minimal effects on the SLD of the nanodisc. 9 On the other hand, the coverage of the POR loaded nanodisc layer was harder to reproduce than for empty nanodiscs, and typical surface coverage ranged between 40 and 60 v/v% corresponding to a protein coverage ranging from 3% to 10%. From this, we estimate that 80 ± 20% of the nanodiscs contained one POR/nanodisc except for the preparation that gave high surface coverage (batch 1). In this case, at least 50% of the nanodiscs contained 2 POR/nanodisc (150 ± 30%). The presence of nonreconstituted dimers and oligomers in solution have been identified previously by native PAGE, 2 and might occur in some of our samples (there are slight absorption shoulders in the shape of the HPLC elution profile during sample fractionation, Figure 1 ). For MSP1D1 based nanodiscs, the POR/nanodisc ratio was 90 ± 20% and this was confirmed by single molecule confocal fluorescence microscopy. 9 Thus, POR loaded nanodiscs show strong preferential adsorption to adsorb on silicon surfaces over non reconstituted POR oligomers which could potentially be present in the sample. The high affinity of lipids to adsorb on hydrophilic surfaces and the fact that POR enzyme protrudes on a single side of each nanodisc may guide the specific adsorption pattern. This is the great advantage of nanodisc film and NR over bulk scattering techniques, for which the purity of the sample is a major limitation in the data analysis.
The low POR surface coverage arises from the larger area that each nanodisc occupies with respect to the POR protein. In MSP1E3D1 based nanodiscs, POR accounts for ∼13% of the disc surface area, whereas the corresponding value for nanodiscs prepared from MSP1D1 is ∼35%. This difference in relative area occupied by POR per nanodisc in combination with the low surface coverage is enough to reach the limit of useful detection using NR. This limits the extent of structural information that can be obtained from the POR loaded nanodisc films in the larger MSP1E3D1. Indeed, the overall protein thickness cannot be obtained with any certainty for POR coverage below 4 v/v%. The use of smaller MSP1D1 is necessary to obtain structural information on membrane proteins embedded in nanodisc films despite the lower yield of POR loaded nanodiscs. A possible explanation for the lower coverage in POR loaded MSP1E3D1 based nanodisc films is the greater conformational flexibility of the nanodisc as a whole, manifested by formation of rougher nanodisc films as compared to those formed from MSP1D1 based nanodiscs (evident for empty nanodisc). 9 Greater flexibility of the conformation of the nanodisc raises the energy barrier for dense film formation due to difficulties to create sufficient contact points with the surface. This increased roughness also reduces the resolution of the information that can be obtained about the POR due to propagation of this roughness in to the protein layer. Finally, similar results were obtained for POR loaded MSP1E3D1 based nanodiscs for which DMPC-DMPG mixtures were used (data not shown).
■ CONCLUSIONS
DMPC or DMPC/DMPG MSP1E3D1 based nanodisc films show comparable structural characteristics to those made from the smaller MSP1D1 (Figures 2, 3, and ref 20) . Despite the higher yield of POR loaded nanodisc in MSP1E3D1 (Figure 1) , the lower ratio of area occupied by POR in the nanodisc combined with the lower surface coverage (Figure 4 ) limits the extent of structural information that can be obtained using NR. Thus, it is of extreme importance to choose a small scaffold protein such as MSP1D1 for obtaining structurally relevant information from NR experiments. However, reconstitution of POR in MSP1D1 nanodiscs does not properly support membrane association 9 compared to MSP1E3D1. 2 Optimization of the POR reconstitution procedure in other intermediate scaffold proteins such as MSP1E1 and MSPE2 23 offers the opportunity to obtain proper structural data by NR.
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